
lntroducfion

Thcrcamscvcral  a~}p]icaljoIls  tl~alrccjuil'c  lCJ1~gw'avc]cIlgtll,  large, tlniforlll,  re~>roduciblc,

lowcost,low ]/f!loisc,  ]owpower  dissipatioJl,  aJldradiatioll  hard infrared  (]l{)focal  ~Jlallc  arrays

(t TAs). 1 kr example, the absorption lines of many gas molcculcs, such as ozone, waler, carbon

monoxik,  carbon dioxide, and nitrous oxide occur in the wavclcng[h  region from 3 to 18 pm.

Thus, IR imaging systems that operate in the long  wavelength 11< (LWIR) region (6 -18 pm) arc

required in many space app]i cati  ons such as monit  oIing global atmospheric tcmpcrat urc pmfi ICS,

relative humidi~y profiles, cloud characteristics, and the distribution of minor constituents in the

atmosphere which are being, planned for NASA’s Earth Observing Systcm [ 1]. in addition, 8- 15

pm FPAs would be very useful in detecting cold objects such as ballistic missiles in midcourse.

(when a hot rocket engine is not burning most of the emission peaks arc in the 8-15 pm JR region)

[2]. TIIC GaAs based Quantum Well infrared Photodetector (QWIP) [3,4,5] is a potential candidate

for such spaceborne and ground based applications and it can meet all of the rec]uirernents

mentioned above for this spectra] region.

Fig. 1 shows the schematic conduction band diagram of a typical bol~~]d-ro-corlti)lllllr)l

QWIP [6] which utilizes  bound-to-continuum intcrsubband absorption. By carefully designing the

quantum WCI1 structure, as well as the light coupling to the detector, it is possible to optimize the

matcria] to have an optical response. in the desil ed spectral range and determine the spectral

response shape [7]. 1 n QWIPs, the dark current cmij:inates  from three different mechanisms [8]. As

shown in Fig. 1, the dark current arising from tile firsl process is duc to cluantum mechanical

tunneling from well to WC]] through the AIXGal .XAS barriers (sequential tumcling).  l’his process is

independent of temperature. Sequential tunneling dominates the dark current at very low

temperatures (<30 K). The second mechanism is thermally assisted tunneling which involves a

thermal excitation and tunneling through the tip of the barrier into the continuum energy levels.
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applied electric  field. Absorption of IR phot om can photo  excite electrons fronl the ground
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nlcchonisms are also shown: ground state tunneling (1); thertnally  assisted lunneling  (2);
61nd therm ionic enlissio~l  (3).

This process governs the dark current at medium (cmpcrat  ures. The third mechanism is classical

thcrmionic emission and it dominates the dark current at higher temperatures (>5S K for 9 pm

cutoff QWIPS). Consequcnlly$  for QW1l’S operating at higher tcmpcraturcs the last mechanism is

the major source of dark current [8]. Therefore, tlm 1.WIR FPA wc have discussed here in detail

consisted of bmmd-lo-quasibound  QWIPS [9]. ‘J’he advantage of the bound-lo-quasibound QWIP

over the bound--to-continuum QWJP [9] is that in the case of a bound-to-quasibound QWIP the

energy barrier for thermionic  emission is the same as it is for photoionization as shown in Fig. 2. In

the case. of the bound-to-continuum QWIP showII in Fig. 2 the energy barrjer for the thermionic

emission is about 6 mev less than the photoionization  energy. ‘1’bus, the dark current of bound-to-
AF,

quasibound  QWIPs is reduced by a factor of 3 (i.e., 1~ = C-ll’ = c-1 for T = 70 K) ccmq>arcd  with

l~otlI)d-to-coI~tilltlu~l~  QWIPS operating at the same peak wavelength.

Test Structure Results

The device structure consists of 50 periods, each perjod containing a 4S ~ well of GaAs

(doped n = 4x1 OIT cm-~)  and a 500 ~ barrjcr of Al[J.~Ga~TAs, sandwiched between 0.5 pm GaAs
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top and bottom  contact layers doped n = 5X1017 CJn-3, grown  on a semi-insulating GaAs substrate

by molecular beam epitaxy (M1313). Then a 0.7 pm [hick GaAs cap layer OJ] top of a 300 ~

Al~.~GaO.7As  stop-etch layer was grown in silu on top of the device structure to fabricate the light

coupling optical cavity. l’he MBF;  grown QWIP structure was processed into 200 }im diameter

mesa test structures (area = 3.14 x 10-4 CJn2) using wet chemical etching, and Au/Gc ohmic



coJ~tacts v’crcc\’al>orated  onto thctop  and bottom  ccmtacl  layers. The dark current-voltage curves

of the QWII’ were measured as a function of tcnlpcraturc fronl ‘J’ = 30-90 K and the 1’ = 70 K

curve is shown in Fig. Z with the dark current-voltage curve of a 8.S pm peak t)oulld-to-coIltiIluLII)l

QWIP. The virtual excited level of this bour~d-to-cc~lltil]tlulll  QWIF is 6 mcV above  the AIXGal -

~As barrier. ‘1’heorctically this SI1OUM  give a factor of 3 higher dark current and it clc)scly  agrees

with the, experimental value. of a factor of 4 higher dark current at bias V]l = -2V.

‘1’hc responsiviiy  spectra of these detectors were measured using a 1000 K blackbody

source and a grating monochromator.  The absolute peak rcsponsivitics (RIJ of thc detectors were

measured using a calibrated blackbody source. The detectors were back illuminated through a 45’

polished facet [7] and a rcsponsivity spectrum is shown in ]Tig .3. ‘l’he responsivity of the detector

peaks  at 8.5 pm and the peak rcsponsivity (I+J of the detector is 300 mA/W at bias VB = -3 V. The

spectral width and the cutoff wavelength are Al/ k = 10% and & = 8.9 pJII respectively. The

bias dcpcndcnt peak rcsponsivity of the detector is shown in Fig. 4. The measured absolute peak
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Responsivity speclrum  ofa bound- to-qua sibound 1.M71R QWIP test structure at temperature
T = 77 K. The sj~ectral  response peak i.v at 8.S pm and the long wavcleng~h  cuto~f  is at
6’.9 pt?l.
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Fig. 4 l’cok  rcsponsivity  as a function of bias voltage of temperature T = 77 K.

rcsponsivity  of the detector is small up to about V~l = -0.5 J’. Beyond that it increases nearly

linearly with bias reaching Rp = 380 n~A/W  at V]l = -5 V. This type of behavior of responsivity

versus bias is typical for a l>olJ1)d-(o-qtlasiboLll]cl  <lV’II’. l’he peak quantum efficiency was 6.9% at

bias VII = -1 V (lower quanlum  efficiency is duc to the lower well doping density) for a 45° double

pass.

The current noise in was measured using a s~)ectrum  analyz.cr and the photoconductive  gain

g was e,xperimcntally  determined using [ 10] g ~ i: / 4 cl ~)13 + 1 /2N, where 13 is the measurement

bandwidth and N is the number of quantum WC1lS.  The photc)conductivc,  gain of ihc clctector

rcachc.d 0.98 at V13 =-5 V. Since, the gain of QWIP is inversely proportional to the number of

quantum WCIIS N, the better comparison would bc I]]c WC]] capture probability pc, which is directly

rclalcd 10 the gain [11] by g = 1 /NpC. ‘I-hc calcu]atcd  well capture probabilities are 25% at low bias

(i.e., V}l = -1 V) and 2% at high bias (i.e., V]] =- -5 V) which together indicate the excellent hot-

clcc(ron transport in this device structure. The peak dctcctivity is defined as D;, = RP~AB / in,

where I<lJ is the. peak rcsponsivi(y, A is the area of Ihe detector and A = 3. 14X 10-4 cn12. The



mcasumd peak dctcctivity  at bias VII = -3.2 V and tmpcraturc ‘1’ = 70 K is 2.3x1011 cJndllzllV.

‘1’hcsc  detectors show background limited pcrfomancc  (111.11’) at bias VII = -2 V and temperature

T = 72 K for 300 K background with f/2 optics.

I.ig}]t Coupling

QWIPS do not absorb radiation incident nornlal  to the surface since lhc ]ighl polarization

must have an electric field component normal to the layers of supc.r]atticc  (growth direction) to be

absorbed by the c.onfincd carriers. As shown in I (ig. 6(a), when the incoming light cent ains no

polariz,alion  component along the growth direction, the matrix element of the interaction vanishes

(i.e., L F, =0 where E is the polarization and p, is the momentum along the z direction). As a

COIKCC]LICIICC, these detectors have to bc illuminated through a 45° polished facet [7] as shown in

J;ig. 6(t~).  Clearly, this illumination schcmc limits tllc configuration of detectors to lineal  arrays

?,c = 8.9 pm
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and single, elements. For imaging, it is ncccssary to bc able to couple. light uniformly to two

dimensional arrays of these detectors.

Many more passes of IR light inside the. detector structure. can bc obtained by incorporating

a randomly roug}~cncd  reflecting surface on top of the detectors which also removes the light



coLlplin~ limitations and makes two dimensional <)WI1’ ima~ing  arrays feasible. A fac(or of eight

cnhanccnmnt  in QW1l’ respcmsivity compared to 45° illumination geometry has been achieved with

a random] y roughened reftccting  surface [ 1 1]. ‘J’hc random structure on top of the ctctcctor  prevents

the light from being diffracted normally backwarti  aflcr the second bounce as happens in the case

of cross-grating. After each bounce, light is scat[mxt  al a ctiffcrcnt  random arlglc and the only

chance for light to cscapc  out of the detector is wlicn it is rcflcctcd towards the surface within the

critical ang]c  of the normal. For the GaAs/air interface this an@c is about 17°, defining a very

narrow cscapc cone for the trapped light. l’hc rcfJcctor was dcsigncct with two levels of scattering

SUJ-F~CCS  located at quarter wavelength separations, as shown in l~ig. 7. The area of the top unctched

lCVC1 is equal to the area of the etched level (k@A~4 deep). “1’hcrcforc,  the normally reflected light

intensities from the top and bottom surfaces of random reflector arc equal and 180° out of phase,

thus maximi?.ing  the destructive interference at normal reflection and hence lowering the light

leakage through the escape cone. This random struct urc was fabricated on the detcc(ors  by using

slandard  photo l i thography and  CX121;Z  sclcctivc  dry etching. The advanlage  of the

])l)otolitllogra~)l]ic  process over a completely random process is the ability to accuratcl y control the.

feature si~,c and preserve the pixel to pixel uniformity which is a prerequisite for high sensitivity

imaging FPAs.

imaging Arrays

Figures 7(a) and 7(b) show random reflectors on a pixel of 15 ~rn cutoff 128x128 and 9 pm

cutoff 256x256 QWI P FPAs respective] y. The. minimum feat urc si~,c of the random reflectors of 15

pm cutoff and 9 pm cutoff FPAs were 1.25 and 0.6 pm respectively. As shown in I’ig. 7(b) the

random reflectors of the 9 pm cutoff FPA were less sharp and had fewer scattering centers

compared to Fig. 7(a) due to the difficulties associated wi~h sub-micron photolithography. Aflcr

the random reflector array was defined by the lithography and dry etching, the photoconductivc

QWIPS of the 256x256 FPAs were fabricated by wrl chemical etching through the photosensitive
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l:ig. 7 (a) Two level  random rcfleclor on u pixel (38.x38 pn12) of 15 pm cutoff  QWIP FPA. The
minimum feat urw size is 1.25 /M]. (b) Twcj level random rejector on a pixel (28x28 pn~)  of
9pm cutoff  Q WIP FPA. The I?iinimm?l fcatur e size is 0.6 jml. This random rcjlector is less
sharp and has fewer scattering centers when contpared  to Fig. 7(a) due to the dl~ficu]ties
ossociatcd  with sub-n  licrm I>)lololitl~ograI>ll>~.

CiaAs/AIXGal  .XAS multi-quantum well layers into lhc 0.5 pm thick eloped GaAs botlom  contact

layer. The pitch of the WA is 38 pm and the actual pixel size is 28x28 pmz. The random reflectors

on top of the dctcc(ors  were then covered with Au/Gc and Au for Ohmic contact and reflection.

~~igure.  8 shows twenty five processed QWIP FPAs on a 3 inch GaAs wafer. lndium bumps were

then evaporated on lop of the detectors for Si readout circuit (ROC) hybridization. A single QWIP

Fig. 8 l’wenty.five 256x256 QWIPfocal  plane arrays on a 3 in. GaAs Mwfcr



1~1’A was chosen and hybridized  (via jndium  bump-bonding process) to a 256x256 C M O S

multiplexer (Amber Ali- 166) and biased at VII =- -1.0 V. At tcmpcraturcs  below 72 K, the signal to

noise ratio of the systcm is limited by array r~oll-~ll~iforl~~it~’,  nlultiplcxer readout noise, and photo

current (photon flux) noise. At temperatures above 72 K, temporal noise duc to the QWIP’S  higher

dark current bccomcs the limitation. As mentioned earlier this higher dark current is duc to

thcrmionic emission and thus causes the charge storage capacitors of the readout circuitry to

saturate. Since the QWIP is a high impcdancc dcvicc,  it should yield a very high charge injection

coupling efficiency into the integration capacitor of the rnultiplcxcr.  in fact Bcthca  ct al. [3] have

demonstrated charge injection cfficicncics  approaching 90%. Charge inj cction  efficiency can bc

obtained  from [4]

qinj == ~m]{ Dim
‘--”--- -–-[- -]”- ---1

1 “[k, 1< Ik,1 ‘“@~k,  1 + _ _  - - -
(1)

where g,,, is the transconductancc  of the MOSI:IL’I’  and it is given by gn) = cllJcl/kT.  The

differential resistance RDCt of Ihc pixels at -1 V bias is 4.5x10]0 Ohms at T=70 K and detector

capacitance CIJC1 is 3.OX 10-1’1 F. The detector dark current II)c[ = 14 pA under the same operating

conditions. According to equation ( 1 ) the charge il~jection  efficiency IIinj =99%  at a frame rate of

30117,. The FPA was back-illuminated through the flat thinned substrate membrane (thickness

= 1300 A). This initial array gave cxcellcnt  images  with 99.98%  of the pixels working (number of

dead pixc]s = 10) , dcnlonstratil~g  the high yield of GaAs technology.

We have. used the following equation to calculate the noise equivalent temperature

diffcrcncc NEAT of the FPA.
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r);, (w,, / dT)SilI’(f3 / 2) (2)

whcr-c IJ;l is the blackbody detcctivity, dI’B / cl-l’ is the derivative of the intcgra(ed b]ackbody

power with respect to temperature, and e is the field of view angle  [i.e., sin2(El /2) = (4f2+l  )-1,

where f is the f number of the optical systcm].  P’igurc 9 shows the NEAT of the FPA estimated

from test structure data as a function of tempt.raturc for bias voltages VII = -1, -2, and -3 V. l’hc

background temperature T13 = 300 K, the area of the pixel A = (28 pm)z,  t}]c f number of the

optical system is 2, and the frame rate is 30117,. The measured mean NEAT of the FPA was 25 mK

al an operating temperature of 1’ = 70 K and bias VII = -1 V for 300 K background. This

rcasonab]y agrees with our estimated value of “/ n~K based on test structure data. The peak

quantum efficiency of the FPA was 3% (much lower quantum efficiency than expected can bc

attributed to the poor grating fill factor) and this corresponds to an average of 3 passes of IR
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l’i.g.  9 Noise equivalent t emperaturc  differm  cc NEAT est inmt ed frow lCS1 st ructurw data as a
fiinc[ion  of timperaturc  for bias voltages VI] = -1, -2, and -5’ V. The background
temperature l)] = 300 K and the area of the pixel A = (26’ pnl)2. The measured NEAT of

the f[~cal plane array is 25 mhr at arj opcrai ing t c?nperat ure cf 70 A’ and  bias V]] = -1 V.



radiation (cquiva]cnt to a singlc45°  pass) throLlgl\  tllc~>llotoscllsiti l’c]ll~llti-clualllulll  well rcgioJ1.

As shown in I;ig. 10 the uncorrected pholocurrcnt )Ioll-llllifollllity  (which includes a 1 % non-

unifcmnity  of ]{OC and a 1.4~o non-uniforlnily  duc 10 lhc co~d-slop J1O( yic]ding  Ihc salnc fic]d of

view to all the pixc]s in the FPA) of the 65,536  pixc]s  of the 256x256 FPA is about 6.8% (=

sign~a/JncaJ~).  3’hc noJ]-uJlifornlity  af[cr two-point (17° aJld 27” Celsius) corrcctioJ~  was 0.05%. As

nlcntioncd  Carlicr this high yield is duc to the e.xc.cl]cnt  C]aAS gl owth uJlifornlily  and the nlatLJrc

GaAs processing tcchJlology.

Hand-held QVVl 1’ Camera

A 256x256 QWIP FPA hybrid was nlountcd  OJ1 to a 450 n~W integral Sterling closed-cycle

cooler asscnlb]y and installed into an AJnbcr  RADIANCE 1 ~’M camera-body, to demonstrate a

hand-hc]d  I.WIR canlcra  (shown in Fig. 11). The canwra  is ccluippcd  with a 32-bit floating-point

l’ig. 10
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Pho[osignal histogram of the 65,536 pixels of the 2.56x256 arra>l showing o high
unifornlity  of the FPA, The uncorrected non-uniformity (= standard dcviatiortimean)  of
the- FPA is &Jly  6. 89io including 1 % non -unifortnity  if ROC and 1.4$Z0 non- unijortnitj’
due to the cold-stop not being able to give the same field of vim’ to all the pixels in lhe

11’PA.



l’ig. 11 Pic~ure  of the firsl  256x256 hand-he ld  long  wavclmgth Q WIP camcm  (QWIP
RADIANCE).

digital signal processor combined with n~u]ti-tasking  software, providing the speed and power [o

execute con~plcx  irnage-processin.g  and analysis functions inside the camera body itself. The other

elcnlcnt  of the. can~era  is a 100 nml focal length  gern~aniunl  lens, with a 5.5 degree field of view, It

is designed to bc transparent in the 8-12 pm wavelength range, to be conlpalib]c  with the QWIP’s

8.5 pnl operation. The digital acquisition rcso]ution  of the camera is I z-bits.  IIS nomina]  power

consunq>tion is less than 50 Watts.

The rncasurect n~ean  NEAT of the QWIP can~era  is 40 n~K (the higher NEAT is due to the

lens assenlbly  cutting the light transmission by 35%) at an operating tenlperatLlre of T = 70 K and

bias V]] = -1.5 V, for a 300 K background. The pcali quantun~ efficiency of the M’A is 3%,

corresponding to an average of 3 passes of IR radiation t}~rough the photosensitive rnulti-quantunl

WC]] region. “1’he low quantun~ efficiency can bc partly attributed to the fact that the, substrate

reflects 30% of the light striking it; and the fact that the array has a 657c, fill factor, i.e., the

dclcctors cover only 6570 of the array surface, with the ren~aining  3570 being the dead space

bctwccn detectors. The uncorrected photocurrcnt  non-unifornlity  (which includes a 1 % non-

unifornlity of the ROC and a 1.470 non-unifornlity  due to the cold-stop in front of the FPA not



yielding the sanle field of view to all the pixc]s) of the. 65,536 pixels of the 256x256 10’A is abou{

6.8% (= signla/n~can). “1’hc non-uniforn~i[y  aflcr two-point (17° and 27° Celsius) correction

inqlrovcs  to an inlpressive 0.05%. As n~cntioncd  earlier, this high yield is due to the excellent

GaAs growth unifornlity  and the nlaturc GaAs processing lcchJlo]ogy.

Video inlages  were taken at a franle rate of 60 Hz at tenq>eratures  as high as T = 70 K,

using a ROC capacitor having a charge capacity of 9x 10~ electrons (the n~axirnun~  nun~ber of

photoelectrons aJld dark electrons that can bc counted in [hc tin~e taken to read each detector pixel).

l;igurc  10 (a) shows one franlc of a video inlagc taken with a 9 pm cutoff 256x256 QWIP canlera

af night. The van shown in the picture was about onc nlilc  away from the canlcra.  Figure 12 (b)

shows an absorption inlage  of acetone funles (acet onc has a strong 1 R absorption

with the sanlc  canlera. These inlages den~onstratc  the high sensitivity of the

s{aring array canlcra.

at 8.8 pm) taken

256x256 QWIP

(a) (b)

Fig. 12 (a) Shows one frame  of a video image lakcn with a 9 jm ciilof~  256x2.56 Q WIP camera
at night,  The van shown in the picture was about onc mile awayfrcm  ihe camera. (b) An
clbsorplion  image  of acetone fumes (acetone  has a strong  IR absorption at 6’.6’ pm) laken
~,ith  t}lg .Qa~?le  ca~?l~ra.



~~ ummary

llxccplionally  rapid progress haS been Jnadc in the dcvc]opnlcnt  of )ong wavelength

QWII’S, since they were first cxpcrin~entally  dcn~onstratccl  several years ago. 11 is now possible for

QWIPS to achieve excellent pcrforn~ancc  (e.g., dctcctivitics as high as 11*: -1 xIOI 1 cn\dI!z/W at

70 K for a 9 pnl QWIP) and be fabricated into large inexpensive low-noise inlaging  arrays. A 70

K operating tcnlperature  can bc easily achieved by single-stage Stirling cycle coolers, which

allows us to den~onstratc  the first hand-held 256x256 FPA 1.WIR caJncra  based on QW1 Ps.

Weighing about ten pounds, the QWIP RAIJIANCE  1 camera is entirely self-contained, with no

extra boxes for control, cooling, or inlagc  processing. IIS sharp, inexpensive, large., uniform,

infrared eye (which can be tailored to see a particular JR wavelength) nlakes the QWIP hand-held

canlera the best and the n~ost cost-effcctivc  ncw tool for in]aging and spectroscopy in the

interesting 8-14 pnl wavelength range.
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